[1] The new Global Wildland Fire Emission Model (GWEM) has been developed on the basis of data from the European Space Agency's monthly Global Burnt Scar satellite product (GLOBSCAR) and results from the Lund-Potsdam-Jena Dynamic Global Vegetation Model (LPJ-DGVM). GWEM computes monthly emissions of more than 40 chemical compounds and aerosols from forest and savanna fires. This study focuses on an evaluation of the GLOBSCAR data set. The GWEM version presented here makes use of the Moderate-Resolution Imaging Spectroradiometer (MODIS) land cover map. Emission totals for the year 2000 are 1741 Tg C, 5716 Tg CO 2 , 271 Tg CO, 12.52 Tg CH 4 , 9.09 Tg C (as nonmethane hydrocarbons), 8.08 Tg NO x (as NO), 24.30 Tg PM 2.5 , 15.80 Tg OC, and 1.84 Tg black carbon. These emissions are lower than other estimates found in literature. An evaluation assesses the uncertainties of the individual input data. The GLOBSCAR product yields reasonable estimates of burnt area for large wildland fires in most parts of the globe but experiences problems in some regions where small fires dominate. The seasonality derived from GLOBSCAR differs from other satellite products detecting active fires owing to the different algorithms applied. Application of the presented GWEM results in global chemistry transport modeling will require additional treatment of small deforestation fires in the tropical rain forest regions and small savanna fires, mainly in subequatorial Africa. Further improvements are expected from a more detailed description of the carbon pools and the inclusion of anthropogenic disturbances in the LPJ model.
Introduction
[2] Global wildland fires yield an important contribution to the chemical budget of the troposphere [e.g., Seiler and Crutzen, 1980] . For the scope of this paper the term wildland fire denotes all savanna and forest fires, even those ignited by human activity. This includes fires for land clearing, pest control, or fertilization. During a wildland fire, chemical compounds of the burning vegetation are released and in some ecosystems injected into considerable altitudes of several kilometers [Lavoué, 2000; Liousse et al., 1996] , where they can be transported over long-range distances Stohl et al., 2002] . During these transport processes, several of the chemical gases or particles are transformed by heterogeneous-and gasphase chemistry as well as by aerosol microphysics and thermodynamics.
[3] The dominant fraction of the emissions contains carbon. Most of the carbon (about 90%) is emitted in the form of carbon dioxide (CO 2 ) or carbon monoxide (CO). Most of he remaining carbon splits into emission of methane (CH 4 ), nonmethane hydrocarbons (NMHC), and oxygenated volatile organic compounds (O VOC) [Andreae and Merlet, 2001] . Less than 5% of the carbon is released as particulate matter (J. S. Reid, manuscript in preparation, 2003) . Other important species released are nitrogen oxides (NO x = NO + NO 2 ).
[4] The effects of wildland fire emissions are diverse and significant: the contribution to the annual gross global CO budget, for example, is about 40% [Intergovernmental Panel on Climate Change (IPCC), 2001]. CO and NO x are important precursors for ozone. Elevated ozone concentrations are often observed in considerable distance of fire sources . The aerosols released from wildland fires comprise mainly organic carbonaceous compounds (OC), black carbon (BC), and trace inorganic species such as potassium, chlorine, and calcium (J. S. Reid, manuscript in preparation, 2003) . The emitted particles alter solar and terrestrial radiation by scattering and absorption [IPCC, 2001] and can therefore have an effect on global warming [Twomey, 1977] . Furthermore, they can act as cloud condensation nuclei [Twomey and Warner, 1967; Hobbs and Radke, 1969] and might therefore modify precipitation patterns.
[5] Wildland fires, along with agricultural waste burning and domestic fuel use (subsumed under the term biomass burning), have gained the attention of the atmospheric chemistry modeling community since the 1980s [Seiler and Crutzen, 1980] . When the first chemistry transport models (CTMs) were developed, it was recognized that emissions from wildland fires should be included to realistically represent the distribution of ozone and its precursors. Similarly, realistic aerosol simulations are not possible without taking the burning of vegetation into account.
[6] One of the first approaches for a global wildland fire emission inventory was performed by Hao et al. [1990] followed by Hao and Liu [1994] , Cooke and Wilson [1996] , Galanter et al. [2000] , Lobert et al. [1999] , and Lavoué et al. [2000] . These inventories typically represent climatological annual totals of wildland fire emissions [Hao and Liu, 1994; Galanter et al., 2000] . Recently, the considerable interannual variability of fire emissions has been investigated by, e.g., Duncan et al. [2003] , Schultz [2002] , Generoso et al. [2003] , Wotawa et al. [2001] , and Hély et al. [2003a] .
[7] However, the abovementioned inventories rely on incomplete and scattered input data. Errors are usually assumed to be very large and data are of inconsistent quality on the global scale. For many regions, data from groundbased or airborne surveys are not available and where available, they are often inconsistent, inaccurate, or lack the necessary temporal resolution (at least monthly) to capture the highly variable wildland fire emission behavior.
[8] A number of recent studies apply satellite data to improve the existing climatological emission inventories. Emissions are scaled to global active fire count data from satellites such as the Along-Track Scanning Radiometer (ATSR-2) of the European Space Agency (ESA) Arino and Plummer, 2001] . Duncan et al. [2003] determined an average seasonal variation of biomass burning out of four years of ATSR fire count data (1996 -2000) on the basis of the emission inventory by Yevich and Logan [Lobert et al., 1999] and derived the interannual variability of the wildland fire emissions from the Total Ozone Mapping Spectrometer (TOMS) aerosol index (AI) for several regions. Schultz [2002] applied the ATSR fire counts for both seasonal and interannual variability on the wildland fire emission inventory used in the MOZART-2 chemistry transport model (described by Horowitz et al. [2003] ). Van der Werf et al. [2003] recently developed an active fire count data set from the Tropical Rainfall Measuring Mission (TRMM) for the period 1998 -2001. They related these fire counts to existing area burnt data from the USA and the Moderate Resolution Imaging Spectrometer (MODIS) for some regions. A modified version of the Carnegie-AmesStanford-Approach (CASA) biogeochemical model is included in this approach to obtain a wildland fire emission inventory. Another methodology for deriving location of wildland fire emissions from remote sensing data has been proposed by Govaerts et al. [2002] , who related changes in surface albedo from Meteosat satellite in Africa to biomass burning.
[9] Though a big step in the right direction from the global point of view, active fire counts are not the appropriate product to make quantitative statements about global wildland fire emissions. First, the algorithms yield a noticeable number of false detections owing to their simplicity (temperature threshold) [see, e.g., Schultz, 2002] . Second, if a fire is spotted correctly, it is not possible to link this spot to the real spatial extension of the observed fire and thus to the amount of emissions released.
[10] New global fire satellite products use more sophisticated algorithms such as the Global Burnt SCAR (GLOBSCAR) data from the European Space Agency [Simon, 2002; Simon et al., 2004] or the Global Burnt Area Initiative (GBA-2000) from the Joint Research Centre of the European Commission (JRC) [Grégoire et al., 2003; Tansey et al., 2004] . These algorithms obtain area burnt in high resolution (1 km 2 ), which is a crucial parameter in wildland fire emission modeling.
[11] In this paper, such a product has been analyzed with the new Global Wildland Fire Emission Model (GWEM). The presented GWEM versions are based on ESA's GLOBSCAR product, the Lund-Potsdam-Jena Global Dynamic Vegetation Model (LPJ-DGVM) [Sitch et al., 2003] , and land cover maps to estimate fire emissions on the global scale. Two land cover maps, based on the same IGBP vegetation classification developed by Loveland and Belward [1997] , are used: International Geosphere Biosphere Programme Data and Information System (IGBP-DIS) based on AVHRR satellite data from 1992/1993 [Loveland et al., 2000] and a more recent land cover map derived from MODIS data from 2000/2001 [Friedl et al., 2002] (available at http://duckwater.bu.edu/lc/mod12q1.html). Furthermore, GWEM includes emission factors from Andreae and Merlet [2001] and M. O. Andreae (personal communication, 2002) . In summary, GWEM has become a tool which allows for a transparent calculation of emissions including seasonal and interannual variations, as adequate global high-resolution multiyear satellite input data are becoming available.
Methodology

Calculation of Emissions
[12] The Global Wildland Fire Emission Model (GWEM) is designed to provide global monthly inventories for more than 40 different chemical trace gases and aerosols at 0.5°Â 0.5°spatial resolution. The resolution limit is imposed by the input of the LPJ vegetation model. GWEM includes the following data in its calculations: (1) monthly area burnt to determine the spatial distribution of the fires and their extent within a grid box, (2) the amount of burnable plant material also known as the available fuel load (AFL) to determine the amount and exact location of carbon in the vegetation, (1) savanna and grasslands, (2) wooded savannas, (3) tropical forests, (4) temperate forests, and (5) boreal forests.
[13] To adequately calculate the emissions for each grid box in GWEM, the very basic wildland fire emission equation M BB = A Â AFL Â b by Seiler and Crutzen [1980] (M BB is the amount of biomass burnt, A is the area burnt, AFL is the available fuel load, and b is the burning efficiency) has been extended to:
[14] M(X) is the yearly total amount of species X emitted from wildland fires per grid box, m is the number of months (m = 12), and n is the number of considered ecosystems (n = 5). Ef k (X) is the emission factor for each species X for a typical fire in ecosystem k. A i,k represents the area burnt per month and per ecosystem, while b k is the burning efficiency in ecosystem k. The information on area burnt is supplied by the GLOBSCAR product from ESA on a 1 km 2 resolution. It is based on the European Remote Sensing (ERS) ATSR daytime satellite data. The AFL is from the LPJ vegetation model and is given as annual average.
Treating Data Gaps in the Area Burnt Product
[15] Owing to the localization of retrieval stations, the GLOBSCAR product from ESA lacks data in a few regions (see section 5). Here these areas have been corrected using ATSR nighttime active fire counts, either the IGBP or MODIS land cover map, and GLOBSCAR area burnt information in adjacent regions.
[16] First, for every data gap (DG) area, an IGBP vegetation class was attributed to each ATSR fire count. Then the data gap area was split into nine small regions (see Figure 1 ). Adjacent corresponding regions were chosen left (DG_L) and right (DG_R) of the data gap area for which GLOBSCAR data were available in order to provide representative area burnt data. These latter regions were bounded by the same latitudes. The arrangement into different data gap latitude regions seems reasonable, as area burnt sizes vary between different ecosystems, which often have a latitudinal gradient. For the same reason, the average area burnt size was split into different ecosystems within the selected regions. In each region DG the average area burnt size to be attributed to each active ATSR fire count within the data gap was calculated per ecosystem:
where i is the number of subregions (here 9), k is the number of ecosystems (here 5), AB DG_L and AB DG_R are the number of GLOBSCAR area burnt pixels in DG_L and DG_R, respectively, and #AFC are the number of the respective ATSR active fire counts. In total, this method added 3254 km 2 (IGBP land cover) and 3150 km 2 (MODIS land cover) to the burnt area of north central Asia of 108,764 km 2 (IGBP) and 87,981 km 2 (MODIS) from the original GLOBSCAR data for this region.
GWEM Input Data
Area Burnt
[17] Until recently, information on area burnt for global needs was based exclusively on country reports providing yearly amounts of hectares burnt (e.g., the International Forest Fire News (IFFN) reports of the Food and Agriculture Organization (FAO)). The data exist only for some countries and are strongly variable in quality. This turns an application for global modeling into uncertain guesswork. Also, a countrywide approach does not allow for a sufficient resolution required for wildland fire emission modeling in terms of ecosystem distinction. Nevertheless, it was the best available for many years and has been used in several studies [e.g., Hao and Liu, 1994; Mueller, 1992; Lavoué et al., 2000] .
[18] Since then, more homogeneous and higher-resolution quality data have become available and are used in regionalscale burnt area assessment [e.g., Barbosa et al., 1999; Scholes et al., 1996; Pereira et al., 1999] . However, these regional studies cannot be easily extended to the global scale, as regional data are patchy, follow different methodologies, and rely on different input.
[19] In early 2003, two global satellite products for area burnt, initially for the year 2000, became available: GBA-2000 from the Joint Research Centre (JRC) of the European Commission in Ispra, Italy, which is based on SPOT-VGT-S1 satellite data [Grégoire et al., 2003; Tansey et al., 2004] and GLOBSCAR from the European Space Agency (ESA) [Simon et al., 2004] . GLOBSCAR has been used in this study.
[20] GLOBSCAR is a freely distributed product and provides the monthly areas burnt globally at 1 km 2 resolution in geographic coordinates. Upon specific request the corresponding vegetation class obtained from the IGBP land cover map (Table 1) can also be provided. The product is derived from daytime data of the Along-Track Scanning Radiometer 2 (ATSR-2) on board ESA's ERS-2 satellite and Figure 1 . Schematic representation of the data gap in GLOBSCAR (regions DG1-9) in Russia and India with associated reference regions (DG_L1-9, DG_R1-9).
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HOELZEMANN ET AL.: GLOBAL WILDLAND FIRE EMISSION MODEL relies on two complementary algorithms. The first one (K1) [Arino et al., 2000] determines area burnt pixels by a value obtained from combination of low reflectance and increased brightness temperature typical for burnt areas, whereas the second one (E1) Lambin, 1998a, 1998b] consists of a set of fixed threshold tests applied to the data.
[21] In this study a subselection of the forest and savanna fires in the GLOBSCAR data set has been used together with the IGBP-DIS land cover map (in GWEM-1.20), or respectively, the MODIS land cover map (in GWEM-1.21). Figure 2 provides the monthly global burnt area as given by GLOBSCAR for vegetated nonagricultural land cover classes according to both land cover maps. In total, a global area of 1.71 Â 10 6 km 2 and 1.73 Â 10 6 for IGBP and MODIS, respectively, burnt in forest and savanna fires in the year 2000. Both land cover maps are used in GWEM to determine the emission factors and burning efficiencies, which vary between different vegetation types. GLOBSCAR records with IGBP classes 1 -11 and 14 were considered. Classes 12, 13, and 15-17 were eliminated owing to their unburnable nature or inadequate biomass burning category, such as crops (class 12), which are not regarded here. From the total of 2.01 Â 10 6 km 2 detected GLOBSCAR area burnt, 310,000 km 2 (IGBP) and 280,000 km 2 (MODIS) of burnt cropland (class 12) were eliminated from the record. For a detailed description, see Simon et al. [2004] . Online information on GLOBSCAR can be found at the ESA Web site http://earth.esa.int/ionia.
Available Fuel Load
[22] Equally crucial input data for wildland fire emission modeling are the information on potentially burnable vegetation (also known as available fuel load (AFL)). There are three different approaches pursued in the literature so far. Most common for wildland fire emission modeling are compiled fuel load maps (e.g., ECE-FAOs, IFFN reports, or literature in the works of, e.g., Lavoué et al. [2000] and Hao and Liu [1994] ). These prescribed fuel load values are representative for ecosystems in a specific region but cannot be applied on a global scale. To the authors' knowledge, there are currently no globally consistent and accurate data on AFL in the literature which can be used for emission modeling.
[23] In regional approaches, satellite-retrieved vegetation specific parameters such as the normalized difference vegetation index (NDVI) for Africa have been used to compute the AFL [e.g., Barbosa et al., 1999] . This remote sensing approach, however, requires detailed background knowledge about each particular region under investigation. A third approach for estimating AFL is the use of vegetation models simulating the global carbon cycle within the terrestrial biosphere. These models calculate different carbon pools within the vegetation, and by choice of the essential ones (which are susceptible to fire) the AFL can be determined. On the regional scale, Hély et al. [2003b] have used a fuel [Sitch et al., 2003 ] is used for estimating the AFL. LPJ is considered a model of intermediate complexity, which can be applied to a broad range of global applications. LPJ simulates processbased large-scale terrestrial vegetation dynamics including the carbon exchange between land, atmosphere, and water. For a more detailed description, see Sitch et al. [2003] . LPJ delivers global annual carbon pools of litter, leaf, wood, and fine roots at a 0.5°Â 0.5°resolution. For this study, carbon pools as calculated by the model were averaged over the 1991 -1998 period, as no clear trend or strong variation could be seen in the LPJ model output and no specific simulation was available for the year 2000. A comparison of the AFL used in GWEM and corresponding literature values for five major ecosystems can be found in Table 2. [25] Three different scenarios were computed. A best guess run that includes the best estimate of the AFL according to literature and input from various experts. To get a first idea about the sensitivity of GWEM toward the AFL, a minimum and a maximum run were additionally performed. The minimum run uses 50% of the AFL in the best guess run, while the AFL in the maximum run is doubled compared to the best guess (Table 3) .
[26] The outcome of these two extreme runs is used as a range on the best guess results of GWEM. the percentage of the biomass provided by the LPJ model, which is susceptible to fire (AFL percentage (Ap)). The numbers are valid for the best guess run, while the values in parentheses were used for the minimum and maximum run, respectively.
[27] In all ecosystems, litter is potentially fully available for burning. In forest ecosystems, mainly the litter layer (dead needles and leaves, downed woody material) and small live and dead aerial fuels (foliage, twigs, small branches of under-story vegetation and trees) are consumed by fire; depending on dryness conditions, the duff layer is also available for partial or complete combustion [FIRESCAN Science Team, 1996; J. G. Goldammer, personal communication, 2002] . However, there are differences for forests in different climatic zones and continents. In Eurasia, for example, less litter (only 70% of total) is available for fire because of the thickness and moisture content in raw humus layers during average fire-weather conditions [FIRESCAN Science Team, 1996; J. G. Goldammer, personal communication, 2002] .
[28] An even more difficult case for generalization is the tropical forest: depending on its deforestation history, it is variably susceptible to fire [Goldammer, 1999] . If a tropical forest is undisturbed but dry and ready for a fire, the litter burns, but trees remain almost unaffected, and only a minor percentage of the leafs can burn. If the tropical forest is moderately disturbed, half of the leaf and a small part of the wood pool can potentially burn in addition to the total litter, while in heavily disturbed tropical forest, a considerable part of the leaf and decaying wood pool can be affected apart from the litter (J. G. Goldammer, personal communication, 2002) .
[29] Thus the total AFL per grid box is given by:
where n is the ecosystem, k is the carbon pool, Ap nk are the percentages of the AFL in Table 3 , and B k is the LPJ biomass density for each carbon pool and grid box.
[30] The global distribution of AFL for this run can be found in Figure 3 . The upper panel shows the AFL of fires in the GWEM ecosystems savanna and grasslands and wooded savannas, and on the bottom panel is the AFL for fires that burn in the GWEM ecosystems tropical forest, temperate forest, and boreal forest.
Emission Factors
[31] A broad range of publications on emissions from biomass burning exists from various field campaigns and some laboratory studies. For a global approach, which includes many ecosystems, the use of average values based on many different sources seems to be the most appropriate way. In addition, emission factors vary as the fire season progresses owing to changing moisture conditions. Unfortunately, information necessary to quantify this effect is only available for limited regions.
[32] Emission factors in this paper are based on the publication of Andreae and Merlet [2001] with several updates (M. O. Andreae, personal communication, 2002) (Table 4 ). Values and standard deviation are given on the basis of a collection of emission factors for about 90 species from field campaigns in about 130 publications. Emission factors in this paper are given for the three different ecosystems: (1) savanna and grasslands, (2) tropical forest, and (3) extratropical forest. The extension to the five ecosystems used in GWEM is listed in Table 1 . Emission factors are averaged and constant throughout the year, independent of the wet (early) or dry (late) fire season.
Burning Efficiency
[33] The burning efficiency or combustion fraction in GWEM is taken from J. S. Reid et al. (manuscript in preparation, 2003) , who have based their recommendations on several different publications for various regions and ecosystems [FIRESCAN, 1996; Guild et al., 1998; Hobbs et al., 1996; Kauffman et al., 1995 Kauffman et al., , 1998 Stocks et al., 1996; Trollope and Trollope, 1996; Ward and Hao, 1992; Ward et al., 1996] . The combustion fraction is kept invariant to changes in fuel moisture and therefore does not change during the annual cycle. Values are available for the five different ecosystems in the work of J. S. Reid (manuscript in preparation, 2003) , which are identical to those used in GWEM ( (August 1996 to February 2002 . In this work, fire counts for the year 2000 were needed, and therefore the ATSR data from ESA have been used. The ATSR fire counts are processed using nighttime data ($2200 LT) from the infrared channel (3.7 microns). If a threshold of 308 or 312 K is exceeded (two different algorithms), the observed pixel is declared as burning. In this paper the product of the 308 K threshold algorithm is applied to the emission inventory for the year 2000 except for fire pixels which were declared as spurious, which means they are hot pixels, but not from wildland fires. These overdetections result from oil exploration gas flares and cities, but these can easily be eliminated. Other than uncontrolled burning events, these kind of fires are permanently seen by the sensors and can therefore be identified if the fire is located at the same spot during over 60% of the year [Schultz, 2002] .
[35] However, omission can occur for low-temperature fires, such as peat fires, which are missed owing to the temperature threshold of the product. For further information, see the Validation Report of the ATSR World Fire Atlas by Arino and Plummer [2001] .
Results
[36] Results of a ''best guess'' run with the Global Wildland Fire Emission Model (GWEM) are shown here: Figure 4 shows the monthly integrated global emission flux of CO in g/m 2 for the months March, June, September, and December of the year 2000 at a 0.5°Â 0.5°spatial resolution. A specific seasonality in each continental region can be observed. The uncertainty of the calculated values stems from the minimum and maximum AFL runs (see section 3.2).
[37] The ratio of NO x /CO averaged over the year 2000 is shown in Figure 5 . The NO x /CO ratio varies from 0 to about 0.037 depending on the ecosystem. Lowest values can be observed in the forest ecosystems (e.g., Africa and Brazil but also boreal regions), while savannas and grasslands (e.g., Africa, Mongolia, Brazilian Cerrado, Australia, etc.) show a higher ratio of NO x /CO. The ratio of the latter [38] To obtain a more detailed idea about regional emission behavior, 12 regions were defined (Figure 6 ), and the emissions in these regions were analyzed in terms of their amount, uncertainty, and seasonality. A more detailed description of the defined regions in Figure 6 is given in Table 6 , where the countries in each region are listed.
[39] Figure 7 visualizes the seasonal variation of the wildland fire CO emissions for 9 of these 12 regions as Owing to the high variability of emissions, the figure is broken down in two diagrams: in Figure 7a the main emitter regions are shown for GWEM-1.20 (IGBP land cover map based) above and GWEM-1.21 (MODIS land cover map based) below. The most remarkable difference in these two runs is the graph for southern Africa. GWEM-1.20, which is based on the IGBP land cover map, calculates about five times as much CO in June as GWEM-1.21 based on the MODIS land cover map. This is solely caused by the highly differing ecosystem assignments between these two maps (see discussion section). In all other regions, no striking differences in the monthly totals can be observed.
[40] The regions North America, southern Africa, and north central Asia show a peak of the fire season in June. The fire seasons extend from May to September for North America, from April to October in southern Africa, and from April to September in north central Asia. In northern Africa the fire season extends from November to April, reaching its maximum in December. These four main regions account for most of the features of the global curve shown in Figure 7a .
[41] In Figure 7b a much smaller contribution is found for the regions Eastern Europe, southern Asia, Oceania, South America, and Central America: the maximum monthly emissions for carbon monoxide are from southern Asia in March 2000. The remarkable difference in seasonality and CO emissions in Eastern Europe between the two model versions is explained by the incorrect assignment of agricultural areas as wooded savannas in the IGBP data set.
[42] A look at the annual totals of CO and NO x (as NO) is provided in Figure 8 . Again, there are two subdiagrams containing the same regions. The highest contributor to the annual global amount of 516 Tg CO and 12.74 Tg NO x for GWEM-1.20 is southern Africa with 274 Tg CO and 5.36 Tg NO x . This represents more than 50 and 40% of the global numbers for CO and NO x , respectively. GWEM-1.21 emits only around 25% of CO and NO x in this region (see section 5.2). Southern Africa, northern Africa, and north central Asia yield emissions of about the same order in both versions. All numbers can be found in Table 7 (monthly values), Table 8 (regional totals CO), and Table 9 (regional totals NO x ).
[43] Total monthly emissions of CO for ecosystems forest and savanna can be found in Figure 9 , along with the corresponding results of the ATSR-scaled MOZART inventory [Schultz, 2002] . For the GWEM CO emissions in both runs, a global maximum for both savanna and forest in June is observed. In Figure 9a the GWEM-1.20 forest emissions clearly dominate the scenario. Another smaller maximum of CO emissions is found in the Northern Hemispheric winter (in December), resulting from numerous savanna fires in northern Africa. The scaled MOZART emissions show a quite different seasonality compared to GWEM. The graphs for forest and savanna CO emissions are qualitatively very similar, which is caused by the scaling methodology [Schultz, 2002] . Peaks are observed in August and October for both biomes Figure 6 . Geographical regions used for regional emission analysis in GWEM. and a very smooth increase of the savanna emissions can be seen for January, followed by another smaller one in April for forests. A further discussion of the seasonality in GWEM is given in section 5.
Discussion
[44] The results of GWEM are largely dependent on the validity and limitations of the input data used, which should therefore also be a topic of discussion. An attempt was made to gather data on sources and emissions of the year 2000 for terms of comparison. Data for other years than 2000 must be used with caution because of the extremely high variability of fire emission related data. Nevertheless, for many times it is the only available reference to obtain a first appraisal of results. The area burnt and the available fuel load as principal input sources are regarded as well as the emissions of different species for different regions.
Discussion of Input Data 5.1.1. Area Burnt
[45] Table 10 lists the regional totals of the GLOBSCAR area burnt in km 2 as used in GWEM-1.20 and GWEM-1.21. Since area burnt pixels with the pure agricultural vegetation class 12 and nonvegetated classes (13 and 15 -17) are removed, the presented numbers differ owing to the use of the two different land cover schemes, IGBP-DIS and MODIS. The most obvious differences of area burnt between GWEM-1.20 and GWEM-1.21 are found for Eastern Europe. The MODIS map in GWEM-1.21 contains many pixels associated with the vegetation class 12 ''croplands,'' which are removed from the analysis in this study. In case of GWEM-1.20 (IGBP), these pixels are assigned to other vegetation classes (6, 8, 9, 11, and 14) , which are part of the ecosystems savanna and grasslands and woody savannas (see Table 1 ) and are counted as burnt areas. Similar explanations hold for other regions as well.
[46] Table 10 yields an interesting comparison for northern Africa (N-AF) and north central Asia (NC-AS): the GLOBSCAR area burnt in N-AF is more than 5 times higher than in NC-AS. Nevertheless, the resulting emissions are of the same order in both regions (Tables 7 and 8 ). The explanation is given by the much lower fuel loads in the predominant savanna ecosystem in N-AF compared to NC-AS. Fires in N-AF are more frequent but emit much less than the boreal forest fire dominated NC-AS region.
[47] Many areas in Canada are falsely detected as burnt in GLOBSCAR owing to an error in the algorithm (meanwhile revised for forthcoming products). Low albedo regions are mistaken for burnt areas. Other products, such as GBA-2000 and the ATSR active fire counts, show considerably less activity in Canada throughout the year 2000. Fires considerably smaller than 1 km 2 cannot be detected by the GLOBSCAR algorithm. This has a big impact in regions where small fires dominate. This is the case for deforestation fires in tropical rain forest, e.g., Brazil and Indonesia, but also in small savanna fires in southern Africa (S-AF) [Hély et al., 2003a] . Therefore it is expected that GWEM emissions are under-estimated in these regions. However, there is another effect associated with this: the GLOBSCAR numbers for S-AF in Table 11 show a lower area burnt for GWEM-1.20 compared to the MODIS based GWEM-1.21 run, while the emissions in Table 8 clearly state a different trend. GWEM-1.20 provides about four times higher CO emissions than GWEM-1.21 (NO x , factor of 2.6 (Table 9) ; CO 2 , factor of 2.8 (not shown)). The explanation is that the IGBP land cover map allocates tropical forest vegetation classes to many of the GLOBSCAR pixels in S-AF, while the MODIS map associates wooded savanna ecosystems with these pixels, which have a considerably lower fuel load and thus much lower emissions. In numbers, GWEM-1.20 yields 38% tropical forest pixels and 35% wooded savanna pixels out of a total of 0.5 Â 10 6 in S-AF, while GWEM-1.21 equivalent numbers are 3 and 61%, respectively, out of a total of 0.58 Â 10 6 pixels. land cover map, and thus GWEM-1.21, is believed to be closer to the truth. Another new vegetation map (GLC2000) [Bartholomé et al., 2002] shows only minor differences to the MODIS data set, at least as far as this study is concerned.
[49] Area burnt data have been compared to other published values in individual regions. S-AF is the region with most available data for comparisons, owing to campaigns such as the SAFARI 2000 initiative [Swap et al., 2002] . An overview of published burnt area estimates is listed in Table 11 . The JRC's satellite product GBA-2000 [Grégoire et al., 2003; Tansey et al., 2004] represents the only comparable global data set for the year 2000. The GLOBSCAR product used in this work yields an area burnt of 0.58 Â 10 6 km 2 for S-AF (GWEM-1.21) in the year 2000. According to the GLOBSCAR validation report [Simon, 2002] , the area burnt calculated for GLOBSCAR is generally lower than for GBA-2000. GBA-2000 incorporates an area burnt spread-region algorithm, which connects area burnt records belonging to the same fire scar. Owing to the spatial resolution of 1 km 2 of these satellite products, they always provide lower values of area burnt than other approaches that are able to monitor fires with smaller extensions. Furthermore, the year 2000 was a year with moderate fire occurrences.
[50] A regional study in Western Europe (W-EU) for the year 2000 has been performed by P. M. Barbosa et Barbosa et al., submitted manuscript, 2003) for the main Mediterranean countries (Portugal, Spain, France, Italy, and Greece). Burnt area estimates from this work are derived from the Indian Remote Sensing Satellite (IRS), which detects burnt scars bigger than 0.5 km 2 . The total amount of area burnt for 2000 was 3867 km 2 . GLOBSCAR detected a slightly lesser area burnt at 3390 km 2 (GWEM-1.21) for the whole of W-EU, which includes the UK, Scandinavia, and Germany.
[51] The seasonality in GWEM arises solely from the monthly area burnt provided by GLOBSCAR. The basic seasonal behavior as described in section 4 agrees with the generally known patterns of regional burning seasons. However, one of the two maxima occurs about 2 months earlier than in other global wildland fire emission inventories [e.g., Galanter et al., 2000; Duncan et al., 2003; Schultz, 2002] .
[52] A qualitative comparison of the monthly number of area burnt records from GLOBSCAR with ATSR active fire counts (Figure 10) shows that the maxima of GLOBSCAR occur in June and December, while for the ATSR fire counts the maxima are observed in August and December. Also, AVHRR data of fire counts (World Fire Web, JRC, Ispra, published in the work of Dwyer et al. [2000] ) from the 1992/1993 period show distinct maxima in these two months. The differences can be reconciled in light of the different quantities observed.
[53] Active fire counts do not reveal information about the associated burnt scar size. Therefore the different maxima in Figure 10 may imply that the maximum of the ATSR active fire counts in August results from many small fires with small burnt scars, while the GLOBSCAR peak in June takes place because of a reduced number of larger fires. This is reinforced by the fact that according to the GLOBSCAR Products Qualification Report [Simon, 2002] the GBA-2000 product is in qualitative agreement with GLOBSCAR results concerning regional seasonalities.
[54] For the S-AF region the global maximum is also observed in June resulting from wet miombo fires in the northern countries (e.g., Democratic Republic of Congo). Together with the anomalous numbers in North America for June (false detections in Canada), this explains the unusual global peak, while the lack of a distinct peak later in the season may be a superposition of omission effects in other regions such as S-AF's southern countries, where many typical small one-day fires in the burning season are undetected by satellites owing to their small extension. These assertions need to be verified in a careful multisensor data analysis.
[55] Apart from the seasonality, there is a general underestimation of burnt areas in GLOBSCAR resulting from (1) the spatial resolution of the data set, which cannot reliably detect small fires, (2) cloud coverage which renders a representative assessment of burnt areas impossible in regions like northern Brazil and Indonesia, and (3) understory peat fires mainly in Russia and Indonesia, which are not detected owing to a lack of change in the surface albedo after a fire and low-temperature properties. Apparently, other satellite area burnt products on the same resolution, such as GBA-2000, reveal the similar omission problems and are therefore probably not a real alternative.
[56] In summary, the findings on the GLOBSCAR product were the following: there is a good performance, e.g., in northern Africa, Europe, and northwestern Australia. Regions with insufficient performance have been identified as: Canada, USA, Zimbabwe, Brazil, and Indonesia. More investigation is needed to further improve and evaluate the remote sensing detection of burnt areas. For further discussion of the GLOBSCAR product, see Simon [2002] and Simon et al. [2004] .
Available Fuel Load
[57] The output from the LPJ vegetation model available for this study is broken down in four different carbon pools: litter, leaf, wood, and fine roots. From these carbon pools the AFLs for the different ecosystems were derived as described in section 3.2 [58] An attempt was made to evaluate the AFLs listed in Table 2 and the numbers in Table 3 , which are needed to derive available fuel load from the LPJ biomass density. The latter is essential because most burning efficiencies in literature refer to the available fuel load and not to the total biomass load. However, literature values for these percentages are, if existent, highly diverse and difficult to compare. Often, it remains unclear if the values denote (1) the total biomass load, (2) the aboveground biomass density, (3) a tree mortality rate, which denotes only the percentage of the trees that die as an effect of the fire, or (4) the available fuel load, which is the part of the vegetation that can potentially burn in a natural wildland fire. Sometimes even the percentages are directly merged with the burning efficiency numbers, and a separation is therefore impossible without further knowledge. Nevertheless, some information could be gathered: in the work of Thonicke et al. [2001] , a fire resistance (FIR) for the woody plant functional types (PFTs) in different ecosystems is used in the LPJ fire module. The FIR stands for the survival of the woody PFTs (trees) one year after a fire. The disturbance of the vegetation is therefore 1 À FIR. The FIR percentages are given for living biomass (K. Thonicke, personal communication, 2003) . Assuming that the percentage of dry matter of this living biomass is between 50 and 70% [Andreae and Merlet, 2001] , this delivers the following disturbances for the LPJ carbon pools wood and leaf: up to 25% of trees in a savanna type ecosystem and 25-62% of trees in all forest type ecosystems die within one year after a fire. According to Table 3 in this study, the applied percentages are mostly near the lower end of the range and at times even below that. This is consistent with the GWEM approach that considers only direct fire combustion effects on the vegetation rather than long-term ecological effects, which need to take into account postfire mortality of trees.
[59] Reid et al. (manuscript in preparation, 2003) compiled a variety of literature values for AFL for different ecosystems. A comparison of these numbers to the corresponding AFL values used in GWEM is presented in Table 2 . The GWEM AFLs generally match the wide range of the literature values, except for boreal forest. The literature numbers for boreal forest are far lower than for other forest types and compared to the GWEM boreal forest. Some of the discrepancy may be a result of the incoherent terminology (see above). In addition, the literature values may be biased because only trees above a certain diameter are counted in forestry statistics. This implies that, in particular, the most fire susceptible parts of the vegetation are not taken into account in these studies. Generally, the original AFL in GWEM would be systematically underestimated for forest ecosystems and exceed the published values for savannas ecosystems in mixed grid boxes, which contain both types of ecosystems. This discrepancy arises from the coarser 0.5 Â 0.5 resolution of the LPJ model compared to the 1 km 2 resolution of the GLOBSCAR product. In the mixed grid boxes the amount of wood provided by LPJ is given for the whole grid box, which is either too elevated for a pure savanna or grassland fire of 1 km 2 extension, or too low, if the burnt pixel is located in a forest. This systematic error has been addressed by scaling functions that depend on the ratio of wood versus total biomass load per LPJ grid box. The AFL in mixed grid boxes is decreased with increasing wood content for savanna fires and vice versa. We hope that this artifact can be avoided by including individual PFTs of LPJ in future GWEM versions.
[60] Another factor affecting the AFL data may be the fire history: primary tropical rain forest, for example, has a very different susceptibility to fire and burning characteristics compared to secondary rain forest which has already burnt before. This is due to the stepwise conversion into savanna or pastureland during each consecutive fire event [Goldammer, 1999] . Finally, in some savanna regions, AFL may have to be reduced due to grazing cattle.
Emission Factors
[61] The global average emission factors compiled by Andreae and Merlet [2001] provide a useful reference for global emission estimates. A lot of effort has been placed into the determination of emission factors during the past decade. Thus they are currently not the main source of uncertainties in global wildland fire emission modeling. Nevertheless, there is still room for further improvement in terms of the number of ecosystems (currently three categories for wildland fires) and for some species for which less data is available. In addition, there have been discussions whether to distinguish between emission factors from smoldering and flaming fires. Each fire has a flaming and a smoldering phase. Depending on the fuel type and its moisture content, the smoldering combustion phase may be prolonged. Measurements taken from particular fires in these two phases differ considerably. On the global scale, however, it is not necessary to consider this distinction and average values should suffice [Andreae and Merlet, 2001] .
[62] The trace gases CO 2 , CO, and CH 4 have the most reliable emission factors owing to many verified published measurements, whereas trustworthy quality aerosol emission estimates from biomass burning are more difficult to obtain. Still, there seems to exist good and consistent information on the latter as well, taken from slightly aged smoke plumes (approximately 1 -2 hours). For further details, see Andreae and Merlet [2001] .
Discussion of Emissions
[63] Table 7 lists the monthly and total emissions of CO and NO x obtained in the two GWEM versions as well as the values from the ATSR-scaled MOZART inventory of Schultz [2002] . The total numbers in GWEM-1.21 are considerably lower with 271 Tg CO (and 8.08 Tg NO x compared to 437 Tg CO) and 15.96 Tg NO x of the scaled MOZART inventory. The emission inventory by Galanter et al. [2000] yields 554 Tg CO and 14.12 Tg NO x for annual savanna and forest fire emissions and is thus also much higher than the GWEM emissions. Generally, GWEM arrives at lower monthly values compared to the ATSR inventory, as might be expected from the global totals. However, this relation is inverted for the months May and June, where GWEM clearly exceeds the scaled MOZART results. This feature mainly results from the shifted seasonality in southern Africa and the false detections in Canada, which have their maximum in June. In contrast, emissions for the month of October are much lower than in the MOZART inventory.
[64] Tables 8 and 9 list the regional emission totals (for the definition of the regions, see Figure 6 ) for CO and NO x , respectively. There is reasonable agreement between GWEM and the scaled MOZART inventory for Central America, southern Asia, eastern Asia, and North America. For North America, one needs to bear in mind though that this is due to a cancellation of errors: As discussed in section 5.1, the GLOBSCAR area burnt product induces a considerable commission error in Canada for some months. This is balanced by omission of fires in the USA (GLOBSCAR validation report) [Arino and Plummer, 2001] . As discussed above, in Africa and South America, many small fires remain undetected in GLOBSCAR, and consequently the emission estimates are rather low. Large discrepancies between the inventories are also observed in Oceania and north central Asia. In Australia the GLOBSCAR algorithm misses many savanna fires, and in the interior of the continent the daytime ATSR data have a gap (similar to north central Asia but much smaller).
[65] For north central Asia GWEMs, CO emissions are more than 4.5 times higher than the scaled MOZART values, which is a result of the elevated fuel loads in GWEM. Considering the data gap discussed in section 2.2, the real emissions in this region may still be somewhat higher. The ATSR nighttime fire counts, which we used to fill in the gap, are known to miss many lowtemperature fires, so that the fire density in this region remains lower than elsewhere.
[66] On the regional scale, there are more studies available for comparison: Southern Africa is a region with extensive data available from diverse measurement campaigns, e.g., SAFARI-92 [Andreae et al., 1996] , SAFARI2000 [Swap et al., 2002] , and TRACE-A . However, for the year 2000, there is only one published study by Hély et al. [2003b] so far, who have CO emissions for August and September 2000 (Table 12 ). The estimated GLOBSCAR area burnt for these two months in southern Africa is more than 40% below the estimates of Hély et al. [2003b] . GLOBSCAR under-detects a lot of subpixel fires in some countries of southern Africa such as Zimbabwe and Mozambique [see Simon, 2002] . However, the average AFL used in GWEM is more than a factor of 3 higher than in the work of Hély et al. [2003b] . These discrepancies highlight the importance of a correct land cover classification: In GWEM (1.21), more of the fires occur in wooded savanna, or even in tropical forest, while the Hély et al.
[2003b] study apparently attributes most fires to savannas. In addition, there are likely differences in the emission factors used.
[67] For the whole African continent, Barbosa et al. (submitted manuscript, 2003) have estimated an emitted amount of 40-151 Tg CO. GWEM-1.21 best guess result for carbon monoxide emissions in Africa is 128 Tg CO (range: 88-153). van der Werf et al. [2003] , Scholes et al. [1996] , and Barbosa et al. [1999] have calculated an average yearly carbon amount of 516, 80, and 205 Tg C (mean value of two scenarios), respectively, released in subequatorial Africa. In comparison, GWEM yields 473 (349-576) Tg C in this region. These studies were each made for different years, and a quantitative intercomparison with the year 2000 is therefore questionable. The area burnt values in the different studies (discussed in section in 5.1) are not linearly related to the emissions. This leads to the conclusion that the available fuel load must also differ substantially between the various estimates.
[68] Barbosa et al. (submitted manuscript, 2003) calculated wildland fire emissions from the five Mediterranean countries in Europe and estimated that 0.46 Tg CO and 0.024 Tg NO x were emitted. GWEM results yield 0.49 Tg CO (0.45-0.58) and 0.017 Tg NO x (0.016 -0.020), for all of Western Europe, respectively. Since the five Mediterranean countries in the work of Barbosa et al. (submitted manuscript, 2003) are the main contributors for Europe, a comparison of these numbers appears reasonable. The results agree surprisingly well for a region where mainly small fire sizes are expected. This small number in comparison to the well-matching emission estimates is again due to the available fuel load data. The LPJ-DGVM used in GWEM has few anthropogenic processes included and therefore assumes high forest coverage for Europe, which leads to a higher carbon combustion when burning.
[69] It should be noted that agricultural fires have explicitly been excluded from GWEM in order to avoid an overlap with agricultural waste fire emissions in chemistry transport modeling. To illustrate the potential impact of agricultural fires (i.e., the subset of fires seen from space), we have performed an additional run based on the MODIS land cover map, which includes the IGBP vegetation class 12. The available fuel load has been assumed to be similar to that of wooded savanna and emission factors were taken from Andreae and Merlet [2001] . The inclusion of fires in pixels marked as agricultural land leads to the additional global release of 16 Tg CO and 0.59 Tg NO x .
Uncertainties
[70] The uncertainties of the GWEM input data have been reported for the burning efficiency (Table 5 ) and the emission factors (Table 4 ). The uncertainty for the latter varies considerably for different species. While emission factors of species such as CO 2 , CO, and CH 4 , for example, are quite well known owing to the broad availability of measurements in literature, others rely on one documented measurement only [see Andreae and Merlet, 2001) . Typically, the uncertainty of emission factors is in the order of 20 -30%. For the burning efficiency, uncertainty ranges between 12% in savanna and grasslands and 20% in the forests.
[71] A first simple approach to uncertainty assessment in terms of the AFL input was integrated in GWEM by attributing a minimum-maximum range to the AFL data. The uncertainty assessment for the burnt area from satellites, such as GLOBSCAR, is a difficult task. Several questions arise which are difficult to answer on a quantitative basis: How much of a 1 km 2 area burnt record is really burnt? How much of the areas burnt remain unseen owing to almost permanent cloud coverage, especially during the burning season? How much of dark soil is mistaken for burnt area? How many small and patchy areas burnt are ignored by the satellite? How many peat fires are omitted owing to their low temperature and invisibility in terms of reflectance?
[72] The validation of a global product such as GWEM can only be performed in a multitier approach: Comparisons and uncertainty estimates must be made both for the individual input data sets as well as for the final product. Likewise, scales from local (a few GLOBSCAR pixels) to global must be considered. A first assessment of the impact of the emission factors uncertainty on the model results is underway following the approach of van Aardenne [2002] .
Conclusions
[73] The presented versions of the Global Wildland Fire Emission Model (GWEM) provide estimates of annual fire emissions of chemical tracers and particles for the year 2000 based on (1) GLOBSCAR, a satellite observed burnt area; (2) model derived available fuel loads; and (3) two different land cover classification schemes. Globally, the resulting emissions are significantly lower than previous estimates. A detailed inspection of the individual factors contributing to the emission estimates indicates that there is a significant under-estimation in the GLOBSCAR burnt areas, in particular for regions with many small fires. Thus applications in global modeling must consider additional data for calculating emissions of the small but intense deforestation fires in South America and small savanna fires in Africa. Future satellitederived fire products should be based on multiple sensors and combine burnt area information with hot spot detection in order to increase the completeness of the product.
[74] The largest uncertainties in the presented GWEM versions stem from the burnt area product and from the available fuel load map. The AFL is currently being refined to contain carbon pools for individual plant functional types in forthcoming GWEM versions. Also, the fire-seasonal variation of emission factors and burning efficiencies should be related to varying fuel moisture conditions. A study by Hoffa et al. [1999] has shown that the emission factors and burning efficiencies change considerably from the beginning to the end of the burning season. In order to reconcile the existing differences between current estimates of global fire emissions, a detailed comparison of these inventories including a critical appraisal of their underlying input data should be performed.
[75] In the end it should be noted that the focus of this study has been an evaluation of the GLOBSCAR area burnt product. Newer GWEM versions exist that are based on a more elaborated combination of data sets. The model is continuously improved. All updated inventories are available upon request to gwem@dkrz.de.
